Single ventricular myocytes were isolated by collagenase digestion from the hearts of 6-8-month-old male Wistar rats in either the control (euthyroid) state or after 7 days of daily injection of 0.64 mg/kg thyroxine (hyperthyroid (Circulation Research 1990;66:773-781) P revious studies have demonstrated that characteristic biochemical and functional alterations of the myocardium of many species are induced by the hyperthyroid state.1-8 The rat model has been fairly well characterized in this regard.9-12 Daily intramuscular injection of adult (500-600 g) rats with thyroxine (6.4 mg/kg initial body wt/day for 7 days), which produces a marked hyperthyroid state, increases serum thyroxine levels 10-fold, decreases body weight 10%, increases left ventricular weight 35%, and shifts the myosin isoenzyme distribution to predominately Vl.9 Electrophysiological study of isolated muscle indicates that the hyperthyroid state as produced above prolongs the action potential duration by approximately 50%. mately a doubling of the rate of tension development, and 35% shortening of the time to peak tension, half-relaxation, and contraction duration.9 A decreased threshold for catecholamine stimulation°0'11 has also been demonstrated. Under some conditions, the hyperthyroid heart appears to perform less well than its euthyroid counterpart. 
P revious studies have demonstrated that characteristic biochemical and functional alterations of the myocardium of many species are induced by the hyperthyroid state. [1] [2] [3] [4] [5] [6] [7] [8] The rat model has been fairly well characterized in this regard. [9] [10] [11] [12] Daily intramuscular injection of adult (500-600 g) rats with thyroxine (6.4 mg/kg initial body wt/day for 7 days), which produces a marked hyperthyroid state, increases serum thyroxine levels 10-fold, decreases body weight 10%, increases left ventricular weight 35%, and shifts the myosin isoenzyme distribution to predominately Vl.9 Electrophysiological study of isolated muscle indicates that the hyperthyroid state as produced above prolongs the action potential duration by approximately 50%. 11 The velocity of calcium accumulation of isolated sarcoplasmic reticulum (SR) vesicles increases 50%10 in this hyperthyroid state. These structural, electrophysiological, and biochemical alterations are associated with a modest, but variable, increase in developed tension, approxi- 25 .0, and CaCl2 1.8; FCS, fetal calf serum (Hyclone Laboratories. Logan, Utah); HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Sigma Chemical) containing (mM) NaCI 137, MgSO4 1.2, KCl 5.0, HEPES 20 , and D-glucose 16, pH 7.4. This is manifest as a rested-state twitch, which is the maximum obtainable, and the occurrence of spontaneous SR calcium release. 19 This spontaneous calcium release occurs locally within a cell and causes localized activation and contraction of adjacent sarcomeres; it then spreads via calcium-induced calcium release and is manifest as a propagating contractile wave. 19 There is evidence to suggest that spontaneous calcium release may exert profound effects on myocardial function.1922 The resultant oscillations in myoplasmic calcium cause small depolarizations of the cell membrane, which under certain circumstances may cause spontaneous action potentials,18-20 and presumably dysrhythmias. Spontaneous SR calcium release may lead to an increase in diastolic tone22 and may diminish twitch amplitude.19 '23 We hypothesized that the altered SR and cell calcium loading of hyperthyroid myocytes10t13,24-27 may profoundly affect their diastolic function by lowering the threshold for spontaneous calcium oscillations to occur.
Materials and Methods Myocyte Isolation
Male Wistar rats (6-8 months old) were obtained from the aging colony of the Gerontology Research Center and treated with intramuscular thyroxine (6.4 mg/kg body wt/day for 7 days; Sigma Chemical, St. Louis, Missouri); they were killed on the eighth day by guillotine decapitation.9,t0 The hearts were rapidly excised, the ascending aorta was cannulated, and the heart was retrogradely perfused at 370 C with solution A (see Table 1 for composition of solutions). When the perfusate became clear (after approximately 15 ml solution A), the heart was perfused with solution B. When the heart became soft (approximately All data were computed on a beat-by-beat basis according to the following definitions: Resting cell length was the average of three samples immediately before each stimulation and was the only parameter averaged within each beat. Peak shortening was taken as the minimum cell length recorded in a given twitch, and time to peak shortening was the time from stimulation to peak shortening. Maximal shortening velocity was computed by best-fit successive approximation of the local slope of the lengthversus-time signal using a short segment of the available data incremented in 5 -msec steps from rest to peak. Relaxation time was taken as the time from peak shortening to 50% recovery to resting length. Contraction duration, following our previous convention,941 was expressed as the sum of time to peak shortening and relaxation time.
We have found in other experiments28 that the twitch parameters measured in unattached cells (in the polyHEMA-coated dishes) do not statistically differ from those measured in cells that were lightly attached (in the dishes precoated with buffer D). Therefore, we performed all reported measurements on lightly attached cells, because it was much easier to function over long (1-2- Table 2 lists contractile parameters of twitches from slack length in euthyroid and hyperthyroid cells measured at a similar temperature (290 C) previously employed in intact euthyroid and hyperthyroid cardiac muscle.9'11 Measurements were obtained at steady state; cells were stimulated for a minimum of 60 seconds, the means of 10 contractions were used, and twitch amplitude did not vary by more than 10% from beat to beat. Analogous to bulk muscle, from rats rendered hyperthyroid in the manner employed in the present study,9"1 isolated hyperthyroid cells have reduced times to peak shortening, half relaxation and contraction duration, and twice the maximal velocity of shortening compared with their euthyroid counterparts. Note that there was no diastolic SR calcium release under these conditions (regular stimulation at 24/min).
Spontaneous SR Calcium Release
Because of the altered SR function that characterizes hyperthyroid myocardium as well as the alterations in calcium homeostasis,10,1321,2227 we hypothesized that the frequency of spontaneous SR calcium release might differ in the euthyroid and hyperthyroid state. Therefore, we measured spontaneous contractile waves as a measure of spontaneous SR calcium release under a variety of conditions in which they have been noted to occur. One such condition in rat myocytes is the absence of electrical stimulation.19 Figure 1 indicates that spontaneous SR calcium release is more likely to occur in unstimulated hyperthyroid myocytes than euthyroid cells. The occurrence of spontaneous SR calcium release during the diastolic interval is associated with a diminished amplitude of the subsequent twitch.19 Furthermore, as the time from spontaneous SR calcium release increases, the degree of twitch inhibition diminishes. This is thought to occur due to a depletion of a common SR calcium store by spontaneous SR calcium release and the repletion of the store with time. 19 We next determined whether the altered function or enhanced cell calcium loading referred to above Figure  5 , which shows that at low frequencies of stimulation spontaneous SR calcium release occurs more frequently in the diastolic interval in hyperthyroid than in euthyroid myocytes and is associated with a diminution of twitch amplitude.
Ouabain Cardiac glycosides are known to inhibit the sarcolemmal Na+,K'-ATPase, and the resultant rise in intracellular sodium leads to a rise in intracellular calcium via transsarcolemmal Na-Ca exchange. [29] [30] [31] [32] To determine whether the relative hypoperformance of hyperthyroid myocytes at low rates of stimulation (which leads to enhanced SR calcium loading in rat cardiac myocytes) was unique to the experimental paradigm in Figures 4 and 5 or whether it is representative of a general tendency of hyperthyroid myocytes to manifest spontaneous SR calcium release and twitch diminution during conditions that increase intracellular calcium loading, myocytes were superfused with increasing concentrations of the cardiac glycoside ouabain (Figures 6-8) . Figure 6 depicts the fraction of cells that exhibit diastolic SR calcium release at various concentrations of ouabain when electrically stimulated at a rapid (120/min) or a slower (24/min) rate. Note the absence of spontaneous SR calcium release in the absence of ouabain at both frequencies of stimulation in both hyperthyroid and euthyroid myocytes. (Those waves that were present at frequencies of stimulation less than 24/min were overdriven.) As the cells are exposed to increasing concentrations of ouabain, they are more likely to exhibit spontaneous SR calcium release. Figure 6 shows that ouabain, which increases intracellular calcium, is more likely to produce spontaneous SR calcium release in hyperthyroid cells than in euthyroid cells. This suggests that the finding of more frequent spontaneous SR calcium release in hyperthyroid myocytes is a manifestation of increased intracellular calcium in general and not unique to the situation of low stimulation rates (Figures 4 and 5) . (Figure 6 ). This is best observed in individual cells. Figure 8 depicts the response of a representative hyperthyroid and euthyroid cell to increasing concentrations of ouabain. The maximal twitch amplitude as well as the average amplitude of 10 twitches in the same myocyte at each concentration of ouabain is shown. The concentration of ouabain at which the cell manifested spontaneous SR calcium release is indicated by a horizontal arrow. Note that there is concordance of the maximal twitch and the average of the 10 twitches until the concentration of ouabain is reached where spontaneous SR calcium release occurs. Above this concentration, the average twitch is considerably less than the maximal twitch. The mechanism for this discrepancy is best explained by the concept of twitch restitution, described above, and is illustrated in Figures 3 and 5 . When spontaneous SR calcium release occurs, it diminishes the amplitude of the subsequent twitch. The interval between the occurrence of spontaneous SR calcium release and the preceding or subsequent twitch is not precisely regular, and thus arises the variability in twitch amplitude.
Discussion Validation and Basic Contractile Parameters of Isolated Myocytes
The results show that isolated single myocytes maintain the characteristic twitch properties of intact papillary muscles: the hyperthyroid state results in a reduction of the time to peak shortening, time to 50% relaxation, contraction duration, and an increase in the velocity of shortening. (n=7) and hyperthyroid (n=6) myocyte (1 myocyte/heart). The ordinate is the twitch amplitude of the cells, nornalized in each cell to the maximal amplitude (mean +SEM). Note the biphasic curves for hyperthyroid cells. This increase in intracellular calcium will, up to a point, result in an increase in twitch amplitude. However, once the threshold for spontaneous diastolic SR calcium release (i.e., waves) is reached, the descending portion of the ouabain dose-response curve will soon begin. Reexamination of Figure 6 shows that, at any given concentration of ouabain, hyperthyroid cells are more likely to The relatively large variance in Figure 7B may be related to two findings. The spectrum of thresholds for ouabain-induced spontaneous SR calcium release among cells coupled with the spectrum of twitch amplitudes within a given cell ( Figure 8 ) produces a diversity of cellular behavior. It is noteworthy that experiments involving bulk muscle measure the ensemble average of the behavior of individual cells and that this spectrum of response is obscured.
Ouabain
Both the euthyroid and hyperthyroid cells respond to ouabain at a lower concentration than is usually said to be the case for in vitro rat systems.36 37 There are several possible explanations for this finding. The nature of our isolated cell preparations minimizes diffusion barriers, and thus, for a given bathing drug concentration, the concentration that is actually at the cell surface (i.e., receptor) may be greater than in other model systems. It has previously been demonstrated that perfusion of rat heart with a nominally calcium-free solution increases the sensitivity of NaXK-ATPase to inhibition by digitalis glycosides,37 and the initial step in the isolation procedure for cardiac myocytes employs a buffer without added calcium ( 
